Abstract-Microwave and millimeter-wave reflectometry, a form of continuous-wave surface penetrating radar, is an emerging nondestructive inspection technique that is suitable for nonmetallic pipelines. This paper shows a K -band microwave reflectometry instrument implemented onto an in-line pipecrawling robot, which raster-scanned cracks and external wall loss on a high-density polyethylene (HDPE) pipe of diameter 150 mm and wall thickness 9.8 mm. The pipe was scanned with three environments surrounding the pipe that approximated the use cases of overground HDPE pipelines, plastic-lined metal pipes, and undersea HDPE pipelines. The instrument was most sensitive when cracks were oriented parallel to its magnetic (H) plane. Any small variation in the standoff distance between the instrument's probe antenna and the pipe wall, which was not easy to avoid, was found to obscure the image. To mitigate this problem, a sensitivity analysis showed that an optimal frequency can be chosen at which standoff distance can vary by up to ±0.75 mm within a certain range without distorting the indications of defects on the image. 
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I. INTRODUCTION
T HE inspection of pipelines is of great importance in the oil, gas, and water industries to manage the risk of catastrophic burst failures. Nonmetallic pipelines, such as high-density polyethylene (HDPE), are increasingly adopted in these industries [1] . HDPE pipe is more corrosion resistant than steel pipe, but as with most materials, defects can occur in the pipe wall that affect its structural integrity.
Underground and undersea pipelines are generally difficult to externally access, so they are typically inspected using an in-line inspection device a pipe crawler fit with instruments that inspect the pipe wall around it for defects [2] . Existing in-line inspection devices are designed for conventional metallic pipelines, and the inspection techniques they use, such as the eddy current and magnetic flux leakage techniques, are unsuitable for nonmetallic pipelines [3] - [5] . Ultrasound, another common technique, has been trialed for inspecting welds in HDPE pipe with little success [6] , [7] .
Microwave reflectometry imaging is an emerging technique that has been proven to identify defects in nonmetallic materials including HDPE. This technique interrogates the material's physical structure with electromagnetic waves at microwave and millimeter-wave (300 MHz-300 GHz) frequencies [8] .
Microwave inspection devices operating from 200 MHz to 2.6 GHz have been fit to pipe crawlers deployed in concrete sewer pipes to detect large anomalies in the pipe and its surrounding soil [9] - [11] . This paper presents a pipe inspection apparatus operating in the K -band (18-26.5 GHz) aiming to identify smaller defects that affect the safe operation of pressurized pipelines. A detailed analysis of the practical considerations of implementing the microwave reflectometry technique on a pipe crawler is given. An important consideration is that variations in the antenna's standoff distance from the pipe wall affect the measurements and obscure indications of defects, unless optimal signal frequencies and standoff distance ranges are selected. These optimal parameters were evaluated that allow variation in standoff distance within an optimal range without obscuring the image.
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The types of defect that commonly occur in HDPE piping will be reviewed, followed by theory, practical considerations, and experimental evaluations.
II. FAILURE MODES IN HDPE
Defects in the pipe wall can occur at any point in its lifetime and are caused by manufacturing faults, abrasion by the pipe contents, geographic conditions, and other factors [12] . The type of failure mode is characterized by the amount and duration of stress applied to the pipe wall. Ductile failure results from large transient stresses exceeding the material's yield, whereas a continuous or repetitive stress can lead to a process of slow crack growth [1] . The latter is characterized by brittle separation (cracking) of the material over time, which gradually weakens the pipe wall and eventually leads to failure. Slow crack growth is attributed to long-term pipe failures and can be more difficult to detect due to the lack of deformation in the pipe wall.
Short-term failures are caused by defects induced during manufacture and installation, especially improperly formed fusion weld joining sections of pipe together [13] . Stakenborghs and Little [14] and Zhu et al. [7] evaluated the use of microwave reflectometry to inspect the quality of fusion welds during installation of the pipe. A good weld appears as a uniform vertical line in the microwave scan image, whereas defects in the weld show up as discontinuities or variations in that line.
This paper investigated the detection of mechanical defects-cracks and gouges (material loss)-on the pipe's outer surface. The required sensitivity of the microwave instrument is dictated by the smallest size of crack that needs to be detected. The Plastics Pipe Institute [15] recommends that pipes with any defect spanning more than 10% of the pipe wall's thickness in depth should be discarded, and this rule is widely adopted by industry. However, Brown [16] suggested shorter depth limits from 8% of wall thickness (2.1 mm) for 25-mm-thick pipe down to 3% of thickness (2.5 mm) for 83-mm-thick pipe for a 100-year lifetime, according to a study predicting the lifetime of polyethylene pipes subject to slow crack growth. For smaller pipes, Brown's [16] calculated depth limits are more relaxed.
III. THEORY OF MICROWAVE REFLECTOMETRY
Microwave reflectometry is performed using a reflectometry instrument connected to a moving probe antenna. The probe transmits a continuous microwave beam into the material, which is backscattered as it passes through discontinuities in permittivity along the path through the material. The probe receives an aggregation of the backscattered signals directed toward it. The reflectometry instrument calculates the reflectivity (complex S 11 parameter) of the area of material that the probe is viewing from the backscattered signals. Any discontinuities in the material's structure, such as cracks, vary the magnitude and phase of the reflectivity measurement relative to that of the surrounding flawless material.
It is important to note that the signal's interaction with material in the probe's near-field region is very complex, because the signal diverges from TE 10 mode inside the waveguide to a sum of all potential modes just outside its aperture before forming a coherent TEM wave in the farfield region. This is the basis of mode matching theory and is outside this paper's scope.
To "scan" or "image" the material, measurements of reflectivity, S 11 , are taken with the probe positioned consecutively at a raster grid of point locations over the material surface. Discontinuities in the material "perturb" the magnitude and phase of S 11 as the probe passes over them, and hence appear as patches in the 2-D scan image. The image may then be postprocessed to optimize the identifiability of defects.
A. Design and Performance Parameters
One of the performance characteristics of a reflectometry system is the sensitivity of the probe to a defect, which is defined in this paper as the peak-to-peak departure in the magnitude or phase of S 11 away from its background level as the probe scans over that defect, excluding noise.
The probe's near-field region is often used as the sensitivity there is much higher than in the far-field region [17] . The near field has a limited penetration depth into the material that is dependent on the probe design and material's permittivity. The spatial resolution of the scan image is determined by the probe's near-field footprint and far-field beamwidth, depending on the distance away from the probe. With a K -band openended waveguide, a small defect typically appears as a 10-20-mm-wide indication in the image. Improvements in both penetration depth and resolution have been demonstrated by a horn antenna fit with a slotted aperture or dielectric lens [18] .
B. Standoff Distance
The measured S 11 is dependent on the entire environment within the probe's beam. The standoff distance between the probe and the material under test is an important parameter since any variations in this distance as little as 0.05 mm have a large, unwanted effect on S 11 that can obscure indications of defects [8] , [19] . The standoff distance of a rotating probe on a pipe crawler will vary if the probe's rotational axis is off-center or if the pipe is not perfectly circular.
One approach to reduce unwanted effects is to measure the standoff distance and either mechanically control this distance or postprocess the measurement data to remove interference from changes in standoff distance [19] .
Alternatively, combinations of microwave signal frequency and standoff distance range were found within which at least one component of S 11 has a near-linear relationship with standoff distance that preserves the shape and amplitude of the defects' perturbations. Linear trends can be removed from the scan image using a simple least-mean-square fit algorithm, resulting in a scan that is nearly unaffected by variations within a certain range of standoff distances. This approach was used in this investigation to avoid the need for the pipe crawler prototype to control the standoff distance more accurately than ±0.75 mm. The method used to determine the optimal frequencies and standoff distances is described in Section V-B.
Variations in standoff distance are normally gradual and sinusoidal over a single rotation of the probe inside the pipe. Any sudden or excessive changes can indicate bulging in the pipe wall and should remain identifiable in the image.
C. Synthetic Aperture Radar Imaging
Synthetic aperture radar (SAR) has been used by Ghasr et al. [17] and Pastorino [20] to improve the quality of scan images. It involves scanning the material at a wide band of signal frequencies and reconstructing a 3-D image of the permittivity distribution within the material. It maintains a constant resolution throughout the material's thickness [17] . The 3-D imaging can be advantageous in pipeline environments as it can exclude unwanted reflections from inhomogeneous environments inside and outside the pipe.
SAR techniques typically use the probe's far-field region to alleviate the issues with its near-field region including limited range, and achieve far better sensitivity and resolution than is, otherwise, possible with single-frequency measurements. This enables the identification of smaller cracks further away from the probe, as demonstrated by Ghasr et al. [17] .
The drawbacks of SAR techniques are that they are complex to implement and require wideband microwave instrumentation. SAR would be worthy in a longer study and was deemed beyond the scope of this paper.
IV. EQUIPMENT
The scanning equipment is made up of three major parts. The microwave instrumentation consisted of a network analyzer configured to measure S 11 through a moving probe. A mechanical apparatus such as the pipe crawler positions and scans the probe over the material under test such as the pipe's inner surface. A computer controls and acquires measurements from the network analyzer and the mechanical apparatus in order to scan the material.
A. Microwave Instrumentation
The microwave probe was made up of a section of the K -band (18-26.5 GHz) waveguide, with a flangeless openended aperture, connected to a waveguide-to-coaxial adapter. The adapter was connected to a Keysight N9918A vector network analyzer. The network analyzer was calibrated up to the adapter's waveguide port using short, offset short, and load waveguide standards. The remaining phase shift due to the open-ended waveguide section's length of 47.8 mm was compensated in software.
The network analyzer was located outside the pipe due to its size, and was tethered to the probe on the pipe crawler by a coaxial cable. This is sufficient to evaluate the microwave inspection technique in the lab. Smaller-sized microwave instrumentation can be designed to fit within a pipe crawler in the future work.
B. Pipe Crawler Prototype
A robotic pipe crawling apparatus, illustrated in Fig. 1 , was created to position and scan the microwave probe within the pipe. The pipe crawler consisted of two sets of three wheels that were sprung against the pipe wall. The rear set was motorized to position the pipe crawler. Rotary encoders were fit to the front set of wheels to measure the linear distance traveled. A rotating clamp head on the front of the robot held the probe and controlled its angular position.
V. EXPERIMENTAL RESULTS
To demonstrate the practical utility of the microwave reflectometry technique, samples of HDPE pipe containing defects were scanned using the pipe crawler prototype and microwave instrument. The pipe's nominal external diameter was 160 mm, and its wall thickness was 9.8 mm.
First, 1-D scans were performed to determine the scan parameters-polarization, signal frequency, and standoff distance-that give the most optimal detectability for defects [8] . The sensitivity of the instrument to narrow rectangular defects at different polarizations was examined on a flat HDPE sheet (as it was impractical to reorient the probe inside the pipe due to its cable connection). The optimal frequencies and standoff distances were then determined for the HDPE pipe, with comparisons to those of the flat sheet.
One pipe sample containing eight defects was then 2-D scanned using the pipe crawling apparatus. Notches were cut to various depths on the pipe sample's outer surface to represent cracks, and holes were partially drilled to represent physical damage such as gouges.
The following three environments surrounding the pipe were tested.
1) Free space (no foil backing): a clean environment with at least 1 m of free space in the 60°sectors each side of the defects. 2) Reflective aluminum foil backing wrapped over the defects. 3) Salt water (aqueous sodium chloride solution) of conductivity 35 S/m sealed inside the notches and holes using plastic film, and aluminum foil wrapped over. The free-space environment represents above-ground pipelines. The foil backing represents a plastic-lined metal pipe, where the defects are gas-filled cracks and voids in the plastic liner. Generally, the plastic pipe rests loosely inside the metal pipe, creating varying air gaps between the plastic and metal pipe surfaces. This is beyond scope of the present investigation, so a tight fit between the plastic and metal surfaces is assumed.
For the third environment, salt water inside the defects and under foil backing was chosen to represent clean conditions around subsea pipelines. Aluminum foil was used to represent this body of salt water since it was impractical to enact a large body of salt water around the pipe.
A. Polarization
Electromagnetic waves consist of transverse electric and magnetic fields at 90°to each other. Since the microwave probe is single polarized, the sensitivity to long, narrow defects such as cracks is dependent on the defect's polar orientation with respect to the probe's electric (E) or magnetic (H ) planes.
To examine this relationship, the probe was mounted on an XYZ positioner to scan over a flat HDPE sheet of thickness 8.4 mm at a standoff distance of 2.5 mm, as illustrated in Fig. 2 . A 40-mm-long rectangular notch was cut to a width of 1 mm and a depth of 1 mm on the top face of the HDPE sheet, which was placed on a reflective aluminum sheet backing. In each scan, 160-point measurements were taken along a straight line of length 40 mm perpendicular to the notch, crossing the notch centrally. The network analyzer measured S 11 at 401 frequencies from 18 to 26.5 GHz at each point. Scans were performed with the notch oriented parallel to the probe's H -plane, E-plane, and diagonally (45°) between the planes.
The sensitivity of the probe to the notch was calculated at each frequency from the magnitude and phase components of S 11 separately, and plotted in Fig. 3 . Sensitivity was calculated by taking the difference between the lowest and highest S 11 measurements in the scan after removing noise and linear trends. It can be seen that the probe has double the magnitude sensitivity to notches oriented in its H -plane than in its E-plane at most frequencies. The diagonal polarization can be seen as a compromise between the H -plane and E-plane. Therefore, if the probe is oriented diagonally to the pipe's axis, it can equally detect cracks in both the axial and circumferential orientations on the pipe. Alternatively, higher sensitivity can be achieved by using a dual-polarized probe, such as a circular waveguide with an orthomode transducer.
B. Optimizing Frequency and Standoff Distance
The optimal combinations of signal frequency and standoff distance range were determined by testing the microwave instrument on a sample of the HDPE pipe. The use of optimal combinations was found to enable clear imaging with good sensitivity even if the standoff distance varies within the optimal range during the scan.
A notch of width 1 mm and depth 2 mm was cut on the pipe sample's outer surface in the axial direction. The rotating clamp head (separated from the pipe crawler) was affixed inside the pipe and configured to scan the probe along a single slice through the middle of the notch.
The pipe was scanned by taking measurements of S 11 from 18 to 26.5 GHz at 128 equally spaced points spanning a 44.5°sector of the pipe (62.1 mm along the pipe's outer circumference), with the notch near the midpoint. Scans were taken at a set of standoff distances from 1 to 4 mm, accurate to ±0.25 mm.
A defect can be reliably identified in conditions of varying standoff distance if the shape of its perturbation on S 11 value is nearly constant with standoff distance. The change in the shape of the perturbation was quantified at each frequency by calculating the root-mean-square (rms) difference between the two perturbations, excluding their offsets and linear trends (least-mean-square fits), at the upper and lower bounds of the selected standoff distance range. It was found by observation that the change in perturbation shape is acceptable if the rms difference is below half of the minimum value of sensitivity within that range, and this was selected as the criterion for an optimal combination of frequency and standoff distance range. The selection of this criterion was subjective, so it is advisable to test it against the requirements of each application.
The sensitivity and rms differences between standoff distances from 1.5 to 3 mm were calculated from scans of the pipe with and without aluminum foil backing and are shown in Fig. 4 . The sensitivity graphs (blue solid lines) are smoothed for clarity-the original data are shown as pale-colored lines behind the smoothed data. The graphs of phase sensitivity are also pulled to zero at frequencies where their corresponding magnitude of S 11 drops below 0.08, since the phase component is less accurate if the reflected signal received is weak.
The optimal frequency ranges are highlighted in the graphs in Fig. 4 and listed in Table I . Specific frequencies from the optimal ranges were then chosen for the 2-D scans in Section V-C and are listed in Table II .
To illustrate the implications of the choice of frequency and standoff distances on the quality of the scan image, the 1-D scan lines of the notch on the pipe at the chosen frequencies are shown in Fig. 5 for standoff distances from 1 to 4 mm. It can be confirmed that the perturbations in each of Fig. 5(b) -(d) are nearly equivalent in the shape between standoff distances of 1.5 and 3 mm. The perturbations differ significantly outside this range-at 1 and 4 mm.
An example of a nonoptimal combination of frequency and standoff distance range is 18 GHz and 1-2.5 mm, respectively, within which the perturbations vary in the shape with standoff distance as shown in Fig. 5(a) . An optimal combination can, however, be found between 2.5 and 4 mm in the same graph. A significant gradient in S 11 with standoff distance is unavoidable in the setups with aluminum foil backing because of the strong reflection from this backing. The average magnitude or phase level of the scans in Fig. 5 (c) and (d) between standoff distances of 1.5 and 3 mm are spaced apart nearly uniformly by 3 times and 1.5-2 times the sensitivity (amplitude of perturbation) every 0.5-mm change in standoff distance, respectively. These gradients are significant but linear and can be removed by detrending the scan.
A major limitation of relying on optimal frequency and standoff distance combinations is that these are highly dependent on the thickness of the pipe wall and the pipe's external environment. The former dependence is evident since the optimal frequency ranges for scanning the 8.4-mm-thick HDPE sheet in Section V-A, also listed in Table I , do not overlap with the optimal range for the 9.8-mm-thick pipe wall with aluminum backing.
Furthermore, the optimal frequencies differed between the sides of the sheet facing toward (near) and away (far) from the probe: there is no overlap between the optimal frequency ranges on the near and far sides of the sheet for the magnitude component, although there is a useful overlap for the phase component. This can be explained by the interaction of nearfield evanescent waves being less predictable than far-field propagating waves. It can be concluded that the ability to identify small defects in all parts of the pipe wall can only be ensured by thorough testing for each environment and pipe size.
C. 2-D Scanning
The 2-D cylindrical scans were performed on a second sample of the HDPE pipe using the prototype pipe crawler in the setup shown in Fig. 6 .
Eight defects were machined onto the pipe's outer surface as shown in Fig. 7 , consisting of four notches and four holes drilled partially into the pipe wall, decreasing in depth from the left to the right. The dimensions of the defects, given in Table III , were selected to assess and demonstrate the sensitivity of the microwave probe. The width of 1 mm was the minimum achievable for the manufacture of notches within the project's scope, so the ability to identify much narrower structural cracks typical of slow crack growth is a subject for future work. Notch G and hole H were cut to the Plastic Pipe Institute's [15] recommended limit of 10% of the wall thickness-1 mm in depth.
Notches B, C, and G were oriented in the probe's H -plane, whereas notch F was cut perpendicular to the others to enable comparison between the H -plane and E-plane sensitivities on the pipe with different external environments. It should be noted that notch F was cut 50% wider in error.
The setup in Fig. 6 was also designed for visual demonstration of the technology and hence has a section of clear perspex pipe attached to the left of the HDPE pipe sample, both of which supported the pipe crawler.
The pipe sample was imaged by scanning cross sections consecutively at a spacing (horizontal linear resolution) of 2 mm, starting at just before the first defect. At each cross section, the clamp head rotated the probe through 90°starting from approximately 45°below the centerline of the defects, and the network analyzer was triggered 0.5°into the rotation (allowing for acceleration) to take 489 samples of S 11 at a single signal frequency over 89.5°of the rotation, which corresponds to 125 mm of the pipe's outer circumference. Scans were completed with each of the three environments around the pipe-free space (no backing), and aluminum foil backing with and without salt water inside the defects-at the chosen optimal signal frequencies listed in Table II . The pipe crawler was adjusted to maintain the standoff distance between the probe and the pipe's inner surface within the optimal range of 1.5-3 mm. The scan images were plotted on a color scale from the optimal component (magnitude or phase) of S 11 measurements. Each image was processed as follows: the data in each vertical cross section were individually smoothed by a Kaiser-windowed (β = 6) moving-average filter to remove random noise, and then the entire scan was subtracted by the 2-D plane of best fit of itself to remove any linear trends caused by variations in standoff distance during the scan. This also subtracted the mean of the scan from the measurement values, so the image's color scale represents the difference from the mean value. The smoothing window width was 20 samples (3.7°) in the scan without foil backing, and five samples (0.92°) in the scans with foil backing.
The scan image in Fig. 8 is of the HDPE pipe sample without foil backing (as in Fig. 6 ) at 19.5 GHz. The image shows clear indications of all the defects on the pipe. The smallest defects, G and H, are completely identifiable over the noise in the image. The indication on the image is generally greater in amplitude and size as defect size increases, but notch B's indication is lower in amplitude (although wider) despite the notch being greater in depth. This is due to the complexity of the signal's interaction in the probe's near-field region, so different parts of the deeper notch can contribute to increases as well as decreases in the reflection coefficient's magnitude in this case. The long vertical lines at linear positions between 50 and 65 mm in the scan images were caused by a previously unknown inhomogeneity in the pipe material.
A second scan was performed at 24 GHz with a reflective aluminum foil backing wrapped over the pipe surface, covering the defects as shown in Fig. 9 . The phase component of the scan, shown in Fig. 10 , was slightly clearer than the magnitude component in this configuration, whereas in the free-space environment (without foil backing), the magnitude component was preferred due to the lower reflection level. With the foil backing, the image in Fig. 10 has a higher level of "noise" that completely obscures notch G and hole H, and partially obscures notch C. The reflection from the backing is much greater than the reflections from the notches, so any deformations in the backing have a large effect on S 11 , obscuring the smaller indications from the air-filled notches. The larger defects can be identified by their symmetrical ripples on the image.
A further two scans were performed at 22.5 and 24 GHz with the notches filled with salt water of conductivity 35 S/m. The liquid was sealed in by a plastic film as illustrated in Fig. 11 , and aluminum foil was laid over the film as previously.
The magnitude scan image at 22.5 GHz is shown in Fig. 12 , and the phase scan image at 24 GHz is shown in Fig. 13 . All the defects can be clearly identified in the phase image, which can be explained by the greater amount of signal reflected from the defects when filled with conductive liquid, more comparable to that from the foil backing. The magnitude sensitivity to notch C is about 0.12 in salt water according to Fig. 12 , up from 0.025 in free space according to Fig. 8 . The indication of notch G is more pronounced in the phase image than that in the magnitude image.
VI. CONCLUSION
The investigations have shown that a pipe crawler with a simple microwave reflectometry instrument on a rotating mount can identify a crack of width 1 mm and depth 1 mm on a 9.8-mm-thick pipe wall in two clean, homogeneous environments of free space and salt water. For the plasticlined metal pipe, the indications of the smaller defects were obscured by variations in the strong background signal from the metal surface.
The probe is more sensitive to cracks oriented in its H -plane than in its E-plane. Orienting the probe's planes diagonally can afford equal sensitivity to axially and circumferentially oriented cracks.
The selection of optimal combinations of frequency and standoff distance range can prevent certain variations in standoff distance from obscuring single-frequency scan images. However, each combination is specific to a single pipe wall thickness, external environment (free space, reflective material, or salt water) and choice of magnitude or phase components of S 11 measurements. Also, some optimal combinations may only apply to a limited region across the pipe wall's thickness. This makes it necessary to tune and thoroughly test a microwave in-line inspection device for each pipe size, and environment to ensure important defects can be identified.
SAR techniques can clearly identify narrower cracks at greater depths in HDPE. They were shown in prior art to image cracks of width 0.25 mm on the opposite side of a 50.8-mm-thick HDPE sheet [17] , whereas the present singlefrequency setup is limited to 1-mm crack width and 10-mm pipe thickness. Also, 3-D SAR imaging would alleviate the problems caused by varying standoff height and inhomogeneous external environments [17] , so these techniques will be considered in the future work.
